The importance of vanadium oxide in solid state science as a semiconductor encouraged us to prepare and investigate its microstructure and surface properties related to gas sensing characteristics. Hence, vanadium oxide thin films were deposited by spray pyrolysis method. The prepared films were placed in an electric circuit and the sensing characteristics of these films to ethanol vapors were studied. It was possible to find correlations between nanostructure and electrical properties of the obtained thin films and to optimize conditions of its synthesis. By X-ray diffraction, field emission scanning electron microscopy, and atomic force microscopy, the structure of the deposited films was determined. Based on atomic force microscopy results, the fractal analysis showed a decreasing trend of the fractal dimension (the slope of the log (perimeter) vs. log (area)) versus the deposition time. It was found that the film growth and gas response were affected by the deposition time. The operating temperature of the sensor was optimized for the best gas response. In accordance with our findings, the film deposited at the lowest deposition time (20 min) had the highest sensing response to ethanol.
Introduction
Nanocrystalline metal oxides are very famous in gas sensors applications and they have attracted much attention due to their high sensitivity, fast response, and low operation temperature [1, 2] . Transition metal oxides can sense gases by changing their electric conductance reversibly when the composition of the surrounding atmosphere is altered. It is known that the gas sensing behavior of metal oxide gas sensor is related to the microstructure of thin films [3] . It is the surface of the sensing element that interacts with the surrounding gaseous atmosphere. The high porosity and resultant surface roughness of the nanostructures result in a larger surface area rendering them very attractive to be used as efficient gas sensors [4] . Thus to find new gas sensing materials, one can try to utilize solids known for their catalytic properties, such as vanadium oxide. Conventional ethanol sensors mostly based on SnO 2 , ZnO, TiO 2 and Fe 2 O 3 , usually suffer from cross sensitivity to other gases, need a high working temperature, or have low longterm stability, although they have rather high sensitivity to ethanol vapour. For these, some new types of ethanol sensing materials are still being studied and developed. Vanadium oxide was found to possess highly selective and stable sensing properties to ethanol vapour [5] .
Vanadium oxide is generally a non-stoichiometric material, which is known for its catalytic properties in oxidation reactions. The excellent properties such as multiple valences, wide optical band gap, good chemical and * corresponding author; e-mail: bagherikhatibani@Liau.ac.ir thermal stability, excellent thermoelectric property, etc., make vanadium oxide a promising material for microelectronic, electrochemical, gas sensing, and optoelectronic devices [6, 7] . Vanadium oxide thin films have been prepared on different substrates by various methods such as electron beam evaporation [8] , magnetron sputtering [9, 10] , pulsed laser deposition [11, 12] , chemical vapor deposition [13] , spray pyrolysis [14, 15] , solvothermal [16] , sol-gel [17, 18] , and spin coating [19] .
Among numerous methods, spray pyrolysis has an important position since it is very simple, low cost method over large area [20] , and does not require vacuum or exotic gas. In this method, the deposition process needs fine droplets to react on the heated substrate, owing to the pyrolytic decomposition of the solution. The hot substrate provides the thermal energy for the thermal decomposition and subsequent recombination of the constituent species. The phenomenon for the preparation of a metal oxide thin film depends on surface hydrolysis of metal salt on a heated substrate surface [21, 22] . Thus, the substrate temperature, carrier gas flow, substrate rotating speed, number of spraying sequences, spraying distance and duration, solution flow rate and molarity play an important role in forming the structure of the films ranging from amorphous to crystalline.
A highly selective and easy to use alcohol sensor has always been in great demand in biomedical, chemical, and food industries. Ethyl alcohol is the most important alcohol owing to its various applications such as an alternative to automotive fuels. Ethanol is widely used as well in food industry, brewing process control, medical and clinical applications, and bio-technological processes [23] .
The purpose of this investigation is to determine influence of deposition time on the nanostructure properties of vanadium oxide thin films for enhanced ethanol sensing application. In this work, vanadium oxide films were deposited on glass substrates by spray pyrolysis method. We report the results of the sensing properties of vanadium oxide thin films. The deposition time was optimized to achieve the best sensing characteristics to ethanol.
Experimental details
Nanostructure vanadium oxide thin films were deposited on glass substrates by spraying 0.05 M of VCl 3 powder (96%, purchased from Fluka) in 40 cm 3 doubly distilled water. The pyrolysis temperature was fixed at 500
• C and the deposition time was varied between 20 and 60 min. The gas flow rate was kept constant at 14 l/min and the distance of nozzle-substrate was about 25 cm. The substrates were washed with water, rare nitric acid, acetone and they were cleaned in ultrasonic bath.
The as-deposited films were applied for the measurement of gas sensing properties. The gas sensing properties were evaluated at various operation temperatures from 150 to 350
• C by measuring the changes of resistance of the sensor in air and in ethanol vapour, respectively.
In order to study the gas sensitivity of the prepared vanadium oxide thin films, glass chamber was fabricated (the volume of chamber was 650 cm 3 ). Electrical connections were made with wire with very low resistance taken from the surface of the film using a silver paste. For the study of the ethanol response, a pre-determined amount of solvent was injected in the chamber. A small heater was placed on the bottom of the chamber and adjusted at a defined temperature. The sensing response was tested with a reducing gas (ethanol) at different concentrations. Simultaneously, the resistance variation of the sensing element was measured. During the measurement, the ambient relative humidity was about 59% and the room temperature was about 25
• C. The structural characterizations of the films were studied by X-ray diffraction (XRD) using a Philips PW 1800 powder diffractometer using Nifiltered Cu K α radiation (0.15406 nm). The morphology of thin films was observed by field emission scanning electron microscopy (FESEM) using a Hitachi S4160 (Hitachi Japan) electron microscope and atomic force microscopy (AFM) was also applied for morphological studies using a Veeco CP Research instrument.
Results and discussion
The structural properties of the prepared samples were studied by using XRD. The XRD pattern of the asprepared sample in Fig. 1 clearly shows that the crystalline phase of vanadium oxide is formed. Although different vanadium oxide phases are formed, but the orthorhombic V 2 O 5 phase is visible (JCPDS No. . It is evident that by varying the deposition time, various reflection planes are presented but the determined (001) reflection plane is attended in all samples which is a characteristic peak of V 2 O 5 phase. The surface morphologies of vanadium oxide films with different deposition times were characterized by scanning electron microscope (Fig. 2) . The FESEM image of the film that is formed during 20 min shows that nanorods are placed horizontally on the surface and grain boundaries are visible. With increasing deposition time until 60 min, it can be seen that the rods are strongly bonded together. Such elongated structure especially with distinct boundaries is valuable because of its microstructure features for gas-sensing application [24] .
Microroughness of thin films plays a vital role for developing optical coatings. Surface roughness is the surface texture measurement of the film. The real surface geometry is so complicated that a finite number of parameters cannot provide a full description [25] . Parameters used to describe surface morphology are largely statistical indicators obtained from many samples of the surface height. Average roughness (r avg ) is defined as the mean absolute values of the profile heights measured from a mean plane averaged over the sampling area, while the root mean square (RMS) roughness (r RMS ) is the standard deviation of the surface from the mean plane over the sampling area [26] .
Surface morphology of the present films is shown in Fig. 3 . The 3D and 2D AFM images are shown with the histograms of height distribution of the films. The statistical analysis of AFM data was done using the height distribution. The results are listed in Table I . It is obvious that a rather decreasing trend is prevailed with the increase of deposition time and we are faced with more roughness about the first thin film which is favorable for gas sensing application because of its more trapping situation. A more normalized distribution along with appropriate roughness also belongs to the first sample which is our optimized film. The fractal dimension is a particular parameter used to define the morphology of a surface. The surface morphology can be characterized qualitatively by its roughness and its fractal dimension. The idea of using the concepts of fractal geometry in the study of geometric figures and irregular shapes was popularized by Mandelbrot [27] .
A fractal is defined by the property of self-similarity or self-affinity, i.e., they have the same characteristics for different variations in scale. To perform a fractal analysis, one needs to obtain information about the auto similarity of the shapes of different objects in an image.
The WSXM software provides a variety of histograms, such as the number of islands versus islands' area or the number of islands versus islands' perimeter. Using this method the fractal dimension can also be calculated [28] , the fractal analysis of the present samples has been performed (Fig. 4) . The slope of the fit line of the log (perimeter) versus log (area) gives the power of the area related to the perimeter. Many fractal properties investigation methods exist [29] [30] [31] . Here, only one aspect needs to be mentioned: fractality is closely connected with selfsimilarity or scale-invariance. Fractal structures can be described as follows:
where P is the perimeter, µ is a constant and S is the area. The value of α describes the fractal dimension in our graph and D (the parameter usually used for fractals) stands for the autosimilarity. The relevant values for α were 0.651, 0.632, and 0.538, respectively. The decrease trend can be observed in the values of α and D being the indicative of the reducing perimeter to the surface of the samples. The results indicate that the change of resistance with temperature has a typical Arrhenius behaviour. When the deposition time was increased, the electrical resistivity of the films increased. Generally, the resistivity of the film can be affected by isotropic background scattering due to external surface and grain boundaries [32] . The fitted line using the Arrhenius equation can be used to estimate the activation energy. The minimum amount of energy that must be provided to the reaction takes place, called the activation energy. The response of a semiconductor oxide gas sensor to the presence of a given gas depends on the speed of the chemical reaction on the surface of the grains and the speed of diffusion of the gas molecules to that surface which are activation processes, and the activation energy of the chemical reaction is higher. At low temperatures the sensor response is restricted by the speed of the chemical reaction, and at higher temperatures it is restricted by the speed of diffusion of gas molecules. At some intermediate temperature, the speed values of the two processes become equal, and at that point the sensor response reaches its maximum [33] . This temperature is also named as optimal operating temperature and will be calculated later. It is known that the smaller is the activation energy of chemisorption and the higher is the activation energy of desorption, the bigger is gassensing effect of adsorption type sensors [34] .
The slope values of the samples are -1.75, -1.90, and -1.95 and their standard errors are 0.21, 0.28, and 0.11, respectively. It is clear that the slope of the fitted line increases with increase of the deposition times. The activation energy of the relevant samples was calculated as 14.54, 15.80, and 16.12 kJ/mol, respectively. Our optimized film needs the least activation energy which is favoured.
The sensing response was determined by injecting of ethanol at different concentrations and measuring real-time changes in resistance over two electrodes. The changes in sensor resistance can be caused by different facts such as ion adsorption of gas molecules, surface reaction of target gas with adsorbed oxygen or lattice oxygen [35] .
Different mechanisms are responsible for the response of vanadium oxide thin films to ethanol, but it seems one of the important ones is environmental oxygen contribution. Initially, oxygen is adsorbed on the metal oxide surface when the film is heated in air. At lower temperatures, the surface reactions proceed too slowly to be effective. The adsorption of oxygen forms ionic species including O − 2 , O − , and O 2− , which have acquired electrons from the conduction band. The transferring of the electrons from the conduction band to the chemisorbed oxygen results in the decrease of the electron concentration in the film. For n-type semiconducting metal oxides, an increase in the resistance of metal oxide film is observed [36] . When ethanol is present in the atmosphere it gets adsorbed and subsequently reacts with the sensing layer provided that the applicable thermodynamic conditions are favored. This reaction leads to the decrease of the atomic oxygen on the surface. Its conductivity increases through the adsorption and reaction of ethanol. This conductivity increase accompanied with a reduction in the measured resistance. On the other hand, for n-type semiconductor, the chemisorbed oxygen on the surface reacts with the reductive gas species and the electrons trapped by oxygen are released into the conduction band of the semiconductor, leading to resistance decrease [23] . The operating temperature dependence of the sensing properties could result from changing the adsorption and desorption rates of oxygen ions on the metal-oxide surface [37] . To determine the optimum operating temperature, sensitivity of vanadium oxide films to 2500 ppm ethanol vapor was measured at different operating temperatures. The variation of temperature was in the range of 170-330
• C and the sensitivity was investigated. The results are shown in Fig. 6 . The response increases and reaches to its maximum value at 235
• C, then decreases rapidly at higher temperatures. This might be attributed to the competing desorption of the chemisorbed oxygen [38] . When the working temperature is higher than 235
• C, the chemical adsorption oxygen absorbed on the surface of the films will gain enough energy to desorb from the surface, and then the chemical adsorption oxygen get the saturation. With increase of operating temperature, the rate of desorption is much higher than that of adsorption, limited the reaction between adsorption oxygen and target gas molecules and further reduced response.
Such operating temperature is much less than the operating temperature of our In 2 O 3 thin films [39] . Since most of metal oxides have the operating temperature of 300-450
• C [40] , this relatively low working temperature is attractive for cheap device applications because of lower power consumption [23] . It is evident, if we reduce the operating temperature by technological methods down to room temperature, we can remove the heater part (for increasing temperature), chamber space, portability and other relevant requirements.
The sensors were tested on exposure of 500-2500 ppm concentration of ethanol at an operating temperature of 235
• C. The heater is controlled by altering the voltage (V H , dc). To measure the electrical signal of the sensing film, a voltage of 4 V was applied to the signal electrode (V in , ac). The response of the gas sensor is defined as [36] :
where R a is the baseline resistance of the sensing film in pure air and R g is the resistance in a gas environment. V in is source voltage in air and V g is variant resistor voltage. The sensing responses as a function of the vapor concentration from 500 ppm to 2500 ppm are shown in Fig. 7 . Fig. 7 . The sensing response vanadium oxide thin films as a function of gas concentration.
The sensitivity increased linearly with different ethanol concentrations. It was found that films deposited at the lowest deposition time (20 min) had the highest sensing response to ethanol. This result confirmed the role of surface and microstructure effect for gas sensing application because the first sample has been covered by horizontal elongated rods with distinct boundaries which increases porosity. According to the literature, the porous structure of sensing material can bring inveterate enhancement in the gas sensing properties [41] , since it provides a large active area to interact with the gas, and allow the gas to diffuse agilely [23] . The first sample also had the highest roughness which can facilitate trapping of gas species. In addition to the surface and microstructure of the films, it is good to have a look at the amount of thickness; the thicknesses of the vanadium oxide films were 640, 830, and 998 nm, respectively. A straightforward conclusion is the reverse role of thickness on gas sensing properties of the films. It may be better to use thinner films to improve sensing characteristics [3, 42] .
The real-time sensor responses to ethanol are displayed in Fig. 8 . When the reducing gas is exposed to the sensing element the voltage increases, which confirms the typical characteristic of an n-type semiconductor [14] . It can be seen that the sensing response increases instantly upon the introduction of ethanol, but it decreases rapidly and eventually returns to its initial value. The response magnitude of the vanadium oxide increases with higher ethanol concentration. The response of the sample with the lowest deposition time is much higher than that of the film with higher deposition time. After several cycles between the ethanol vapor and fresh air, the voltage of the sensor returns to its initial state indicating that the sensor has a good reversibility. It is well known that both the response and the recovery characteristics are important for evaluating the performance of gas sensors. When the selected sample was exposed to 1000 ppm C 2 H 5 OH, the response and recovery times were 2.43 and 15.71 s, respectively. The response time is defined as the time required for the sample conductance variation to reach 90% of the equilibrium value following an injection of the test gas. The recovery time is defined as the time necessary for the sample to return to 10% above the original conductance in air after the test gas has been released. Figure 9 shows the change of time duration of vanadium oxide thin films versus different gas concentrations. This is the time between injection of the gas, reaching saturation and exhaust of the gas. From this point of view our third sample which has most of the deposition time has the lowest saturation time though it has not an appropriate sensitivity in comparison with our selected sample. Since, on the one hand the most important aspect of investigation of a variety of sensors is sensitivity, selectivity and stability, and on the other hand conventional ethanol sensors mostly based on ZnO, TiO 2 ,SnO 2 and Fe 2 O 3 ; we compared our sensor with such materials in similar conditions. Although finding a sensor material which has very high sensitivity, very fast response and recovery time, long-term stability and works under environmental condition is highly desirable, but very difficult. The results are given in Table II . It is notable that lowering of operation temperature and response time can be rather advantage of our sensor material. We did not examine other gases but there are some reports of vanadium oxide sensors which exhibit more sensitivity toward ethanol against other gases that means that such material has a good selectivity [16] .
Conclusions
Nanocrystalline vanadium oxide thin films have been deposited by a simple spray pyrolysis method at different deposition times. A prevailed V 2 O 5 structure was revealed by XRD analysis according to standard diffraction peaks. It was found by FESEM that the deposition time plays a key role in the morphology of the films. AFM results showed a rather decrease trend with increasing deposition time (the root mean square varied between 7.69 and 1.2 nm and average roughness changed between 6.22 and 0.96 nm). The subsequent fractal measurements also revealed a decrease form in accordance with AFM data. The activation energy of the vanadium oxide thin films were estimated similar to the Arrhenius formulation and were 14.54, 15.80, and 16.12 kJ/mol, respectively. After the optimization of the operating temperature, 235
• C were chosen. The sensing characteristics of the films have been characterized for different deposition times at different ppm levels (500-2500 ppm). The sensitivity response changed linearly with ethanol. The results show that the sensitivity of sample 1 (20 min) varied between 1.02 and 1.4, whereas two other samples had poorer sensitivity responses (1.02 and 1.12) in the same ppm range so it seems that the short duration of deposition has been positive parameter for sensing response. A valuable interaction to ethanol with a response time of 2.43 s and recovery time of 15.71 s was achieved by our optimized sample at a gas concentration of 1000 ppm.
